inositol (PI)-based lipoglycans/glycolipids of Mycobacterium and related genera, components of the plasma membrane and cell wall (1), and now known to be crucial in all aspects of the immunopathogenesis of tuberculosis and leprosy, such as phagocytosis, persistence of bacilli in phagocytic cells, CD-1-restricted antigen presentation, initiation of innate immunity, and major roles in antibody mediated immunity (2) (3) (4) .
PIMs, LM, and LAM all share a conserved PI anchor with mannosylation extension at the C-6 position of the myo-inositol, indicative of a metabolic relationship (5, 6) . In addition, LAM possesses a branched arabinan and, in some cases, nonreducing termini composed of single or short linear Manp-containing oligosaccharides, products known as ManLAM (7, 8) . PIMs are predominantly found in the di-(PIM 2 ) and hexa-(PIM 6 )mannoside forms, and all forms are multiacylated (9) , i.e. AcPIM 2 contains one additional fatty acid linked to the 6-position of the Manp on carbon-2 of the myo-inositol of PI, whereas Ac 2 PIM 2 contains an additional fatty acid residue linked directly to the 3-position of the myo-inositol. PIM biosynthesis is initiated by two distinct ␣-mannosyltransferases (ManT), PimA and PimB, requiring GDP-Manp as sugar donor for the transfer of Manp residues to the 2-and 6-positions of the myoinositol ring to form PIM 1 and PIM 2 , in succession (10, 11) . A third Manp unit is introduced onto the growing molecule to form PIM 3 in a reaction catalyzed by PimC, identified in Mycobacterium tuberculosis CDC1551 but absent from Mycobacterium smegmatis, suggesting redundancy in this step (12) . Some of the acyltransferases responsible for the multiacylated nature of the PIMs have been identified (13) . The Manp unit at position 6 of PIM 3 is then further extended to generate PIM 4 -6 . However, the steps and enzymes implicated in the biosynthesis of PIM 6 and LM/LAM are poorly defined, although recently, PimE, the ManT responsible for the synthesis of PIM 5 , was identified (14) . It has been proposed that PIM 6 is a "dead end" product, not involved in the biosynthesis of LM/LAM, as it contains two (1 3 2) linked Manp residues, a combination absent from LM/LAM (15) . PIM 4 is regarded as the crucial intermediate linking the early PIMs with LM/LAM, an assumption reinforced by the isolation of a M. smegmatis mutant unable to synthesize PIM 6 but accumulating PIM 4 (16) . Importantly, synthesis of LAM was unaffected by this mutation, and conversely, we have recently demonstrated that the synthesis of the PIMs was unaffected in a mutant unable to synthesize LM but endowed with a truncated LAM, questioning for the first * This work was supported by NIAID, National Institutes of Health Grants AI-18357 and AI-064798. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. □ S The on-line version of this article (available at http://www.jbc.org) contains a supplemental figure and a time the implied linear relationship of PIM 1 3 PIM 2 3 PIM 3 3 PIM 4 3 LM 3 LAM (17) . Despite the sophistication of our understanding of the structures and functions of LM/LAM, nothing was known until recently of the ManTs responsible for the latter polymerization steps. LM consists of a linear ␣(1 3 6) linked mannan backbone extending from C-6 of myo-inositol modulated by ␣(1 3 2) Manp side branches, the product of the integral membranous GT-C ManT, Rv2181, and decaprenol-P-Manp (C 50 -P-Man) rather than GDP-Man as the Manp donor (17) . EmbC of the Emb operon combining with C 50 -P-Araf as the Araf donor are responsible, at least in part, for the synthesis of arabinans of LAM, presumably relying on LM as acceptor (18) . The requirement for lipid-linked sugar donors for the later polymerization steps in the biosynthesis of LM and LAM implicates the membranous GT-C superfamily as distinct from members of the soluble GDP-Man requiring GTs of the GT-A or GT-B superfamilies (19) . We have developed a strategy involving genetic mutations of members of the GT-C superfamily and examination of the biochemical phenotype in an effort to understand the final polymerization steps in the synthesis of LM and LAM.
EXPERIMENTAL PROCEDURES
Bacterial Strains, Growth Conditions, and Sequence AnalysisThe wild type strain (WT) of M. smegmatis mc 2 155 and the mutant generated in this study were grown as described (17 Construction of M. smegmatis⌬MSMEG4245 and Cloning of Rv2174-MSMEG4245 and its flanking regions were amplified by PCR with the forward 5Ј-TATAATCTAGAGTTCACCGA-ACAGCACCAC-3Ј and reverse 5Ј-TATAATCTAGACGGT-CCAGGCGCGTGTC-3Ј primers; XbaI sites are underlined. The 3.5-kb PCR fragment was subcloned into pGEM (Promega). The resulting plasmid, pGEM-MSMEG4245, was digested with AgeI and XhoI, resulting in a deletion of about 900 bp within the MSMEG4245 coding sequence, which was blunt-ended with T4 DNA polymerase and ligated with a Km resistance (Km r ) gene excised from pUC4K (Amersham Biosciences) by HincII digestion. A 3.2-kb fragment of MSMEG4245::Km was then excised from the resulting plasmid with XbaI and inserted into the XbaI site of the temperature-sensitive pPR27xylE. The plasmid, pPR27xylEMSMEG4245::Km, was transformed into M. smegmatis, and transformants were selected on LB-Km plates at 30°C. Two Km r and xylE ϩ transformants were then propagated in LB-Km liquid medium at 30°C prior to plating on LB-Km-sucrose plates at 42°C. Allelic replacement of MSMEG4245 was confirmed by Southern hybridization. The blots were hybridized with a 3.5-kb 32 P-labeled DNA probe generated by digestion of the PCR fragment subcloned in the pGEM vector as described above.
To produce the complementation plasmid, pVV16Rv2174, the full-length Rv2174 gene was amplified by PCR from M. tuberculosis H37Rv genomic DNA by using the primers 5Ј-TATAACATATGACTACTCCGAGCCATG-3Ј and 5Ј-TAT-AAAAGCTTCTATGGCGTATTGACCAC-3Ј, containing an NdeI and HindIII restriction site, respectively (underlined) to enable direct cloning into the expression vector pVV16, a derivative of pMV261 (20) harboring Km and hygromycin resistance markers and the hsp60 promoter. Plasmid pVV16Rv2174 was transferred by electroporation into M. smegmatis-⌬MSMEG4245, and transformants were selected on plates containing kanamycin and hygromycin.
Analysis of PIMs, LM, and LAM-Cells were extracted with CHCl 3 /CH 3 OH (2:1) and CHCl 3 /CH 3 OH/H 2 O (10:10:3) (17). The residue was extracted with equal volumes of water and phosphate-buffered saline-saturated phenol at 80°C for 2 h. The aqueous layer on cooling (containing LAM, LM, and PIMs) was dialyzed and analyzed by SDS-PAGE followed by periodic acid Schiff staining (21) on commercial 10 -20% gradient Tricine SDS-polyacrylamide gels (Invitrogen). Blotting to nitrocellulose membrane was performed at 50 V for 1 h. Immunodetection was performed with monoclonal antibody CS-35, specific for the arabinan component of LAM (22) and concanavalin A (ConA), which recognizes terminal Manp residues. The nitrocellulose membranes probed with ConA-peroxidase were subsequently developed with the 4-chloro-1-naphthol/ 3,3Ј-diaminobenzidine, tetrahydrochloride substrate kit (Pierce). In the case of 14 C-labeled products, membranes were exposed to Kodak X-Omat AR film at Ϫ70°C for 15 days. Gel filtration chromatography of deacylated lipid fractions was conducted on a Bio-Gel P-100 column (1.5 ϫ 120 cm) equilibrated with 50 mM acetic acid.
For structural characterization, requiring large amounts of products, the WT M. smegmatis and the M. smegmatis-⌬MSMEG4245 mutant cells were harvested in late log phase from 24 liters of liquid medium and lyophilized. Dried cells were delipidated with CHCl 3 /CH 3 OH (2:1) and freeze-thawed before mechanical disruption by sonication (23) . The resulting suspension was refluxed in 50% ethanol three times for 2 h each time. The combined supernatants were evaporated and digested with 1 mg/ml proteinase K (Invitrogen) followed by dialysis. The aqueous solution was further purified by a twostep protocol involving hydrophobic and gel exclusion chromatography (24) . Fractions containing the LM and mutated LM were monitored on Tricine gels stained with the periodic acidSchiff reagent, pooled, and dialyzed.
Analytical Procedures-To determine linkage patterns, samples were per-O-methylated (25) , and alditol acetates were prepared as described (26) , solubilized in CHCl 3 , and analyzed by GC/MS (Thermoquest GCQ Plus; Thermo Electron Corp). For MALDI-TOF/MS, the matrix consisted of 2,5-dihydroxybenzoic acid at a concentration of 10 mg/ml in a mixture of water/ acetonitrile (1:1, v/v) containing 0.1% trifluoroacetic acid and 1.0 g of sample mixed with 1.0 l of the matrix solution. Anal-yses were performed on a Bruker Ultraflex MALDI-TOF/TOF instrument using reflector mode detection. Mass spectra were recorded in the negative mode for the underivatized material and positive mode for the permethylated sample using a 30-ns time delay with a grid voltage of 94% and full accelerating voltage (25 kV). The mass spectra were mass-assigned using external calibration. NMR spectra were acquired after several lyophilizations in D 2 O of 1 mg/0.6 ml in 100% D 2 O. One-dimensional 1 H-NMR spectra were acquired on a Varian Inova 500-MHz NMR spectrometer using the supplied Varian pulse sequences. Sugar composition of selected fractions from the Bio-gel P-100 sizing column was determined after hydrolysis with 2 M CF 3 COOH for 2 h at 120°C. Deacylation of the 14 Clabeled CHCl 3 /CH 3 OH/H 2 O (10:10:3) fraction and phenol-extracted LM/LAM fractions was performed as described (27, 28) . Deacylated "mutLM" (dmutLM) was chromatographed on HPTLC plates (Merck), which were developed once in each solvent system: propanol/nitromethane/water (5:2.3:2.7, v/v), propanol/nitromethane/water (5:2:3, v/v), propanol/nitromethane/water (5:1.7:3.3, v/v), and propanol/nitromethane/water (5:1.4:3.6, v/v) (29) . Autoradiograms were obtained by exposing chromatograms to Kodak X-Omat AR films at Ϫ70°C for 4 -5 days.
RESULTS
Genome Comparisons of the MSMEG4245 Locus-We analyzed an 18-kb chromosomal region of the M. smegmatis genome coding a known GT-C ManT, MSMEG4250 (17) , and compared it with that of other mycobacteria, corynebacteria, and nocardia (Fig. 1A) . This region includes two other putative GTs (MSMEG4245, MSMEG4257) and an unidentified acyltransferase (MSMEG4251) suggestive of a possible PIM/LM/ LAM gene cluster. Based on blast analysis, this set of genes is conserved in Mycobacterium bovis, Mycobacterium avium subsp. paratuberculosis, and Mycobacterium leprae as well as in corynebacteria and nocardia, indicative of functionality common to actinomycetes. MSMEG4245 shows significant homology to PIG-M, a eukaryotic ManT utilizing a PI-based sugar acceptor and a polyprenyl-linked sugar donor. Further, the amino acid sequence of MSMEG4245 is highly similar to that of the orthologs in M. tuberculosis H37Rv, M. bovis, M. leprae, nocardia, and corynebacteria (Fig. 1B) . MSMEG4245 is a 505-amino acid membrane protein containing 12 predicted transmembrane-spanning domains with both the amino terminus and the carboxyl terminus predicted to be located in the cytoplasm (Fig. 1C) . A DGLD motif is located in an extracytoplasmic loop predicted beyond the third transmembrane domain, which may correspond to the DXD signature commonly found in members of the GT-C superfamily (30) ; this conserved motif has been shown to be critical for the function of several eukaryotic (31, 32) and prokaryotic (24, 33) GTs dependent on polyprenyl-linked sugar donors. Taken all together, the predicted structural features as well as the localization of MSMEG4245, close to MSMEG4250, a GT-C ManT involved in LM/LAM biosynthesis (17) , suggest that MSMEG4245 represents a GT involved in LM/LAM biosynthesis.
Construction of M. smegmatis⌬MSMEG4245 by Allelic
Exchange and Growth Phenotype-The ortholog of MSMEG4245 in M. tuberculosis H37Rv is Rv2174, reportedly an essential enzyme (34) . Attempts to generate a knock-out mutant of MSMEG4245 in M. smegmatis by homologous recombination using the thermosensitive vector pPR27 were successful (supplemental Fig. 1A ). Two types of colonies grew on LB-Km-Suc plates at 42°C; 80% of them were of the normal expected size, whereas the other 20% were unusually small. Spraying with catechol revealed that only the small colonies exhibited the expected phenotype for allelic exchange mutants and the large colonies all displayed a XylE-positive phenotype. Further analysis by Southern blot of nine Km r -Suc r -XylE Ϫ colonies revealed that all had undergone gene replacement at the MSMEG4245 locus (supplemental Fig. 1B) . M. smegmatis-⌬MSMEG4245 grew slowly in Sauton medium and failed to grow at 42°C (supplemental Fig. 1C ). It also displayed smaller colonies on LB-Km plates and an enhanced tendency to clump. Clearly, MSMEG4245 is not essential but is required for optimal growth.
Effects of MSMEG4245 Inactivation on LM/LAM Synthesis-
The hypothesis that MSMEG4245 is present in a genetic cluster likely involved in PIM, LM, and LAM biosynthesis led to a comparison of the status of these glycolipids/lipoglycans from the wild type and mutant strains. Preliminary examination of the phenol extracts of whole cells by SDS-PAGE revealed the accumulation of a new major product, intermediate in size between LM and PIMs, referred to as mutLM ( Fig. 2A) . Remarkably, there was a complete absence of WT LM and LAM from this mutant. This newly accumulated product was acid-stable and base-labile, indicative of the presence of fatty acyl esters. MutLM reacted strongly to ConA (Fig. 2B) , specific for t-Manp residues, but not to the monoclonal antibody CS-35 (data not shown), known to react with the arabinan component of LAM. Thus, the evidence pointed to the synthesis of an altered mannooligosaccharide in the PI-containing LM, intermediate in size between the PIMs and LM proper. Altogether, these data point to a block in LM/LAM synthesis and infer that the putative GT-C GT, MSMEG4245, plays a key role in their biosynthesis, beyond the PIM pathway.
Complementation of M. smegmatis⌬MSMEG4245 with Rv2174
Restores LM and LAM Synthesis-The identity between the amino acid sequence of MSMEG4245 and its ortholog Rv2174, of M. tuberculosis H37Rv, is 67%. To obtain evidence that Rv2174 is also a functional ortholog of M. smegmatis⌬MSMEG4245, it was placed under the control of the hsp60 promoter in the mycobacterial expression vector pVV16 and transformed into M. smegmatis⌬MSMEG4245. Complementation of the mutant with Rv2174 restored the wild type growth phenotype insensitive to temperature. LM/LAM was extracted with phenol and analyzed by SDS-PAGE and immunoblotting. The complementation of the mutant with Rv2174 also led to restoration of LM and LAM, whereas cells transformed with vector alone had the same phenotype as M. smegmatis⌬MSMEG4245 ( Fig. 2A) . Furthermore, the immunoreactivity of these molecules showed patterns consistent with those of the WT LM and LAM (Fig. 2B) . The results suggest that Rv2174 is the functional equivalent of MSMEG4245. , and phenol revealed that unlike WT LM, mutLM was almost completely solubilized in CHCl 3 /CH 3 OH/H 2 O (10:10:3), as revealed by Tricine gel electrophoresis followed by autoradiography, further indicative of a heterogeneous less polar population (Fig. 2C) . Analysis of the CHCl 3 /CH 3 OH (2:1) and CHCl 3 / CH 3 OH/H 2 O (10:10:3) extracts by HPTLC or two-dimensional TLC revealed no significant alterations in PIM composition. Also, in accordance with results in Fig. 2A , a minor amount of 14 C-labeled mutLM appeared in the phenol-extracted LM/LAM fraction from the mutant, and there was an absence of LM and LAM as compared with WT, as shown by Tricine gel electrophoresis followed by autoradiography (Fig. 2D) .
Deacylation of the 14 C-labeled mutLM (dmutLM) from CHCl 3 /CH 3 OH:/H 2 O (10:10:3) extracts and subsequent BioGel P-100 gel filtration chromatography lead to a single main C. glutamicum, Corynebacterium glutamicum. B, protein sequences were aligned using MultAlin. The DGLD motif, characteristic of the GT-C proteins, is indicated by the square. C, topology of MSMEG4245 of M. smegmatis. The topology is predicted using THMM, Version 2. MSMEG4245 is predicted to span the membrane 12 times and has a carboxyl-terminal and amino-terminal extension located in the periplasm. The circle indicates a highly conserved region that resides in the periplasmic loop and is probably associated with GT activity. peak (Fig. 3A) . No radioactivity eluted at this position from a similar fraction obtained from WT M. smegmatis. The profile from the LM/LAM fraction of the WT strain showed the expected 14 C-labeled dLAM and dLM eluting at positions prior to 14 C-labeled dmutLM from the mutant. Sugar compositional analysis of the peak representing 14 (Fig. 3B) . These results suggest that mutLM is probably a novel member of the PIM family, more extensively mannosylated than PIM 6 , less so than LM. However, mutLM is not a single product in that the 14 C-labeled dmutLM, as eluted from the Bio-Gel P-100 column and resolved by HPTLC in a highly polar solvent, revealed a hierarchical array of products with an obvious difference in the degree of labeling (Fig.  3C) . These data imply that the accumulated mutLM contains a heterogeneous population of mannooligosaccharides, namely a novel class of extended PIMs or shorter LMs.
Quantitative analysis of the alditol acetate derivatives of WT LM demonstrated a Man/inositol ratio of 15:1. In comparison, mutLM isolated from M. smegmatis⌬MSMEG4245 demonstrated a relationship of 8:1. The MALDI-TOF/MS spectrum of mutLM in the negative mode was dominated by a set of peaks assigned to PI-linked mannooligosaccharides or their acylated counterparts with a mannan domain of up to 20 Manp units. The most abundant version contained one palmitoyl and one tuberculostearoyl group, whereas the acylated version had an additional palmitoyl chain (supplemental Table  1 ), all in accord with the known composition of the PIM, LM, and LAM populations (35) . Independent of the degree of acylation, the number of Manp units for each form varied between 5 and 20, with the most abundant being Man [13] [14] [15] .
The abundance and fatty acid composition of these PI-linked mannooligosaccharides are similar to those of PIM 2 (36, 37) and PIM 6 (38) , further evidence of a biosynthetic relationship between the PIMs and mutLM. The combined data from HPTLC and MALDI-TOF/MS indicate that mutLM contains an array of structurally related mannooligosaccharides based on an inositol-P, 2-3 fatty acids and 5-20 Manp residues. Because of the complexity and heterogeneity of the mutLM in the negative mode, it was also per-O-methylated and analyzed by MALDI-TOF/MS in the positive mode (Fig. 4A) . The cluster of signals around m/z 2918, 3122, 3326, 3530, 3734, 3938, 4142, 4346, and 4550 can also be attributed to mannooligosaccharides with an increasing number of Manp residues, Man [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . For comparison, it was necessary to determine precisely the degree of mannosylation of the LM synthesized by WT M. smegmatis. Permethylated WT LM, devoid of the heterogeneity associated with variable acyl attachments, showed MALDI-TOF/MS spectra with a broad cluster of peaks centered on m/z 5779 (Fig. 4B) . Within the overall cluster, individual peaks were each separated by about 204 mass units, indicative of a mannan varying in Manp residues from Man [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . The most abundant species fell within m/z 5200 -6700, corresponding to Man [23] [24] [25] [26] [27] [28] [29] [30] . These results suggest that synthesis of the mannan segments up to the Man 20 stage is independent of MSMEG4245. Only the elongation steps beyond this stage, by additional Man 12-15 residues, are affected by the mutation.
Per-O-methylation analysis of mutLM demonstrated the presence of 6-linked Manp, t-Manp, and a few 2,6-linked Manp residues, demonstrating that the mannooligosaccharides of mutLM consist of a (␣1 3 6) Manp linear oligosaccharide with (␣1 3 2) Manp branching. There was a slight increase in 6-linked Manp, a decrease in 2,6-linked Manp, and t-Manp as compared with WT LM (data not shown). To confirm the degree of branching, mutLM was compared with WT LM by one-dimensional 1 H NMR. (data not shown). The anomeric proton resonance region of mutLM and WT LM was dominated by three signals at ␦ 5.11 (I), ␦ 5.05 (II), and 4.90 (III), assignable to the H-1 of 2,6-Manp, t-Manp, and 6-Manp, respectively. Integration of the resonances of mutLM indicated mannooligosaccharides with a reduced degree of branching, as compared with WT LM. This evidence of diminished branching, as well as shorter mannan segments, may be attributable to a lesser degree of such branches at the reducing-end of the mannan as compared with the non-reducing end.
DISCUSSION
Our early demonstration (5) that the then known soluble arabinomannans and mannans of mycobacteria are lipoglycans based on phosphatidylinositol, and therefore structurally related to the PIMs most extensively described by Brennan and Ballou (9) in the 1960s, has generated considerable work on the role of these lipoglycans in innate immunity and the interaction of M. tuberculosis and M. leprae with macrophages and subsequent persistence and pathology (2, 39, 40) . The sequence from PI to PIM 6 is well established but for some gaps (Fig. 5) . Modest progress in defining subsequent steps has arisen from recognition of members of the GT-C membrane-associated and polyprenyl-sugar dependent superfamily of glycosyltransferases in mycobacterium species (19) . GT-C proteins are well known in eukaryotes; however, they are rare in prokaryotes and Archaea except mycobacteria (30) . Recent genetic and biochemical studies have recognized some of the GT-C candidates as involved in PIM/LM/LAM and AG biosynthesis, and these are now included in the Carbohydrate-Active enZYmes (CAZy) data base (14, 17, 41, 42) . We recently identified MSMEG4250 as a GT-C superfamily enzyme responsible for the 2-Manp branching of the core mannan of LM/LAM (17) . MSMEG4245 is in close proximity to MSMEG4250, and it is marked by a distinct DGLD motif, a variation of the characteristic DXD motif of GT-C superfamily members (30) .
A deletion mutant of M. smegmatis MSMEG4245 produced a viable yet slow growing phenotype with noticeable morphological changes. Apart from the critical demonstration that the mutant accumulates a novel lipid-linked intermediate considerably shorter in size than the WT LM, our studies define the precise length and heterogeneity of mutLM as well as WT LM. NMR studies, in particular, help demonstrate that the normal LM is an extension of a well defined inner branched mannooligosaccharide (Man [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ) and disruption of MSMEG4245, and apparently, its M. tuberculosis H37Rv ortholog, Rv2174, halts LM/LAM-specific extension from this core structure. Collec- The MS profile is also consistent with a structural model for the mannan of wild type LM/LAM in which LM contains Man 21-34 residues. From previous and current biochemical and structural knowledge, we postulate that the synthesis of LM occurs in stages at the periplasmic face of the cytoplasmic membrane (Fig. 5) . Firstly, AcPIM 4 acts as a branch point intermediate and the subsequent addition of 2-4 ␣(1 3 6) linked Manp residues proximal to the myo-inositol occurs at the nonreducing end, and these are further elongated and decorated by means of ␣(1 3 6) and ␣(1 3 2) linkages by the alternating activities of unidentified 1,6-and the recently identified 1,2-ManT branching enzyme, MSMEG4250/Rv2181, relying on C 50 -P-Man as the sugar donor, until a mannooligosaccharide of Man 20 residues is realized (Fig. 5) . The further addition of Manp residues to form Man 21-34 polymers appears to be dependent on the activity of MSMEG4245/Rv2174. It is not known whether ␣(1 3 6) and ␣(1 3 2) branching ManT activities work in concert or whether the ␣(1 3 2) Manp residues are added after the ␣(1 3 6) mannan is synthesized. Our results support the former hypothesis since the presence of a series of Manp polymers (Man [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] ) varying by just one Manp in the WT LM indicates stepwise growth of the later segments of the mannan chain rather than block addition of multiple units. These results are also corroborated by the finding that polyprenyl-P-linked oligomannosides, likely donors for block synthesis, have not been found in mycobacteria.
It is tempting to speculate from the present data that after a certain chain length has been achieved, PI-linked mannooligosaccharides are either released or transferred from the active site of the enzymes and acted on by MSMEG4245/Rv2174. Thus, the Man 5-20 oligosaccharides of mutLM correspond to a fundamental core structure commonly found in WT LMs. In the wild type strain, this core can give rise to PI-linked mannan spanning Man [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] in length, corresponding to the upper end of size distribution of the products detected by MALDI-MS. These then serve as intermediates for LAM biosynthesis, and their absence in the case of the M. smegmatis⌬MSMEG4245 mutant precludes the further formation of LAM. LM versus LAM biosynthetic pathways may then segregate, as it would require distinct enzymatic attributes to extend LM as an end product versus arabinosylation of the LM to form LAM. Given the complexity of the structure of the mannan of LM/LAM and number of ManTs required in forming the branched mannooligosaccharide (Man [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ) and its extension, the existence of a coordinated multienzyme complex seems to be logical. It is possible that MSMEG4245, MSMEG4250, and other enzymes exist in a multienzyme complex as is indeed the case for such as the fatty acid and polyketide synthases (43) and lipopolysaccharide synthesis (44) .
